Introduction 12.1±1.1 nm and average volume of 4352 nm 3 [10] . The LDL particle population is heterogeneous with Low density lipoprotein (LDL) is the main carrier of plasma cholesterol and a major component of atherosclerthe respect to size, density and composition. Distinct subpopulations vary in isoelectric point, electrical charge, otic plaque [1] . Lowering LDL cholesterol reduces coronary events and mortality from coronary artery hydrodynamic properties and immunoreactivity [11] . This heterogeneity has been identified through the use of disease (CAD) [2] [3] [4] , however, the relation between LDL cholesterol concentration and (CAD) is complex. Many density gradient, rate zonal and analytical ultracentrifugation as well as with nondenaturing gradient gel electrophpatients with CAD have plasma LDL cholesterol concentrations in the normal range for the general population oresis [12] . Depending on the methodology used, from 2 to 38 LDL subfractions have been separated [13] . [5] . Thus, it could be that coronary risk goes beyond LDL cholesterol concentration to the characteristics of Measurements of LDL subfraction diameters using negative staining electron microscopy have established the LDL particles themselves. The purpose of this communication is to address the issue of whether LDL that mean particle diameter decreases with increasing density [14] . The structure of LDL particles of different particle size and density influences its atherogenecity and how this might be modified by drug therapy.
densities varies with respect both to the size of the core and the width of the surface shell [15] . LDL subfraction composition varies between individPhysico-chemical properties of low density uals. Of the various phenotypic classifications of LDL lipoproteins (LDL) subfraction patterns, two of the most widely used are those of Musliner & Krauss [16] and Austin et al. [17] . Human LDL particles can be isolated by density gradient centrifugation in the density range of 1.019-1.063 g ml
The former divide subjects into one of four main groups (LDL I to LDL IV) with properties shown in Table 1 . and contain approximately 50% cholesterol (free and esterified), 25% proteins, 20% phospholipids and 5%
In an alternative classification based on particle diameter Austin et al. [17] suggested two major patterns of LDL triglycerides. Over 95% of the LDL protein mass is apolipoprotein B-100 (apo B-100, 549 kDa) [6, 7] , each profile, pattern A ( particle diameter 25.5 nm or greater) and pattern B ( particle diameter less than 25.5 nm). In LDL particle containing only one molecule of apo B-100. The molecular mass of LDL is in the range from 2.4-kinetic turnover studies, where the rate of urinary excretion of radioactive products of labelled LDL were 3.9 MDa [8] . The particles are usually described as spherical, containing a central core of non-polar cholesteryl esters and triglycerides while free cholesterol intercalates between the phospholipid fatty acid chains [16] .
providing a degree of rigidity to the phospholipid monolayer that is the LDL outer coat which interfaces
Subfraction
Density Particle diameter with plasma. ApoB-100 is exposed at the surface allowing receptor recognition [9] . More recent studies using much of its apo-C, so the proportion of apo-E increases which is of importance as hepatic LDL receptors have a free cholesterol (8.5-11.6%) tends to diminish as density increases. Triglycerides are a minor component particularly strong affinity for apo-E [24] . The triglyceride content of the precursor lipoproteins (3-5%). Density increases with increasing protein content. ApoB-100 is the major protein in all subfractions. ApoE is a major determinant of the size of the LDL product formed by lipolysis [25] , larger triglyceride-rich VLDL constitutes 0.1-1.3% and 0.2-1.9% of LDL proteins in subfractions of low and high density, respectively. The particles giving rise to smaller LDL particles. This apparent paradox is explained by the fact that large ratio of apoE to apoB changes from 1560 to a maximum of 158 in denser subfractions possibly accounting for triglyceride rich VLDL particles provide a ready substrate for the CETP. It transfers cholesteryl esters from LDL differences in binding affinities for LDL receptors. Apo C-III is present in subfractions with densities greater than particles in exchange for triglycerides from VLDL.
Triglyceride enriched LDL has its acquired triglycerides 1.0358 g ml −1 . Calculation of the number of each chemical component per LDL subspecies showed the removed by the actions of the enzymes LPL and hepatic lipase (HL) leading to continued particle size reduction. presence of one molecule of apoB per particle in association with decreasing amount of cholesteryl esters, High HL activity is associated with an increased concentration of small LDL even at lower plasma free cholesterol and phospholipids [11] . The diameter of human LDL particles correlates positively with the molar triglyceride levels [23, 25] . Accordingly, deficiency of HL is associated with increased large LDL particles ratio of phospholipid/apo B in LDL but not with the molar ratio of either cholesterol/apoB or triglyceride/apo whereas raised HL activity is associated with a predominance of smaller LDL [26] . B suggesting that phospholipid content is also an important determinant of LDL size [19] . The distribution of LDL particle size is determined by both genetic and environmental factors. Phenotype B There are distinct and constant differences in the electrical charge of LDL subfractions at neutral pH of 7.4 ( predominance of small LDL particles) is found in 30-35% of adult Caucasian men but is less prevalent in men arising as a result of either dissimilarities in the relative proportions of charged phospholipids or of sialytion of younger than 20 years and in premenopausal women. The data are consistent with either an autosomal dominant associated proteins [11, 20] . Negative charge increases with increasing density of LDL particles. Small LDL or codominant model for inheritance of the pattern B phenotype with additional polygenic effects of variable particles have significantly lower neutral carbohydrate and sialic acid content [20, 21] . LDL particles with lower magnitude. Pattern B is linked to the LDL receptor gene locus on chromosome 19 [27] . Estimates of heritability sialic acid content have greater affinity for proteoglycans in the arterial wall and could be preferentially involved in of LDL particle size range from 30-50% confirming the importance of environmental influences in determining the development of atherosclerosis [21, 22] . the LDL profile [12] . Such environmental factors include diet, obesity, exercise and drugs (lipid lowering drugs, beta adrenergic receptor antagonists) as well as age and Factors that influence LDL subfractions profile hormonal status. The pattern B phenotype correlates strongly with The biochemical processes that underlie the formation of distinct LDL subfractions are incompletely understood.
insulin resistance [28] . The explanation for this association is not fully known. It is possible that failure of insulin to Most LDL particles originate from larger triglyceride rich apo-B containing particles such as VLDL that are secreted suppress free fatty acid release from adipose tissue, in subjects with insulin resistance, causes increased influx of from the liver. However some kinetic studies suggest that LDL particles are also normally secreted from the liver free fatty acids to the liver. This would result in an increased secretion of VLDL and transfer of its triglycerides [23] . Lipoprotein lipase (LPL) progressively removes triglycerides from the core of VLDL to form intermediate to LDL. Furthermore, insulin activation of LPL is suppressed in insulin resistance affecting hydrolysis of density lipoprotein (IDL) particles which can be either triglyceride-rich lipoproteins including large VLDL, leadAtherogenic/thrombogenic characteristics of ing to further LDL particle size reduction [28] .
small, dense LDL particles
There are several mechanisms by which small dense LDL LDL subfractions and CAD risk is likely to play a causal role in promoting atherosclerosis and thrombosis. These are discussed below. The predominance of small, dense LDL particles is correlated with an increased risk for CAD [17, 29] , and small LDL subfractions are more prevalent among patients a) Actions on the endothelium with CAD. The predominance of small LDL subfractions is generally associated with increased triglyceride conNative LDL increases superoxide generation (O − 2 ) from the endothelium and decreases basal nitric oxide (NO) centrations and often with low HDL cholesterol concentrations. Hence the risk associated with small LDL production [35] and stimulated NO production [36] . It is likely that small dense LDL is more potent in this subfractions is reduced after adjusting for these parameters in multivariate analyses. However, three recent studies regard. Inhibition of NO production is atherogenic [37] and O − 2
inactivates NO [38] and can oxidise LDL have shown an increased risk of CAD associated with the predominance of small LDL particles independent of (see below). other lipid parameters, including triglycerides [30] [31] [32] .
Griffin and colleagues (1994) were first to demonstrate b) Increased trans-endothelial filtration that the predominance of small, dense LDL particles in patients with CAD was independent of triglyceride The filtration rate of LDL particles into subendothelium is inversely proportional to particle size, thus small LDL concentrations. However, in their study patients with CAD had significantly higher triglyceride concentrations particles are transported more effectively from the circulation to the subendothelial space of artery wall than than the control subjects [30] . The only study of LDL subfraction profiles in normotriglyceridaemic men with are large LDL particles [39] . established CAD, showed that LDL particles were significantly smaller in men with CAD than in controls, c) Susceptibility to oxidation regardless of other plasma lipid parameters, including triglycerides and HDL cholesterol. Furthermore, LDL Oxidized LDL plays an important role in atherogenesis since it is taken up by scavenger receptors on macrophages subfraction profile was the strongest predictive factor for the presence of CAD when compared to other lipid leading to cholesterol accumulation and foam cell formation in the evolving fatty streak [40] . Small, dense parameters [31] . Finally, in the first large prospective study of LDL subfractions followed over 5 years, LDL LDL particles are more susceptible to oxidation in vitro than large LDL particles [41] . This is attributable to particle size was predictive of CAD independently of other lipid parameters including triglyceride concenseveral factors. The content of antioxidants including vitamin E and ubiquinol-10 is lower in small than in trations [32] . Taken together these studies suggest that triglyceride concentration is not the only factor in large LDL particles. The structure of small, dense LDL may expose their polyunsaturated fatty acids (PUFA) to determining LDL particle size. LDL subfraction analysis may further define risk of CAD, particularly in men with free radical attack and lipid peroxidation [40] . Small, dense LDL particles have a higher content of PUFA, relatively normal lipid profiles.
Although the cited cross-sectional studies suggest that including arachidonic acid, than do large LDL particles. PUFA are degraded to conjugated dienes and other small, dense LDL particles are especially atherogenic, there are additional possibilities to be considered. For oxidation products during oxidation [42] . Non-enzymatic oxidation of arachidonic acid yields the isoprostanes, example, this atherogenic lipoprotein phenotype often clusters with insulin resistance which may be an etiological some of which are biologically active (e.g. 8-epi-PGF 2a ) and may contribute to atherogenesis as well as providfactor leading to enhanced CAD risk in many patients with the small dense LDL phenotype [33] . The predomiing an in vivo measure of oxidative stress [43] . Lipid peroxidation starts by oxidation of the PUFA component nance of small LDL particles over other LDL particles, is also strongly correlated with high plasma fibrinogen of the phospholipids in the particle surface and propagates towards the particle core. Free cholesterol of the particle concentrations in men. The reason for this association (which is independent of cholesterol, triglycerides, body limits access of oxidants to PUFA in the particle surface thus stabilising LDL particles against initial oxidative mass index, age and insulin resistance) is unknown but since hyperfibrinogenaemia is an independent risk factor attack. Small LDL particles are relatively depleted of free cholesterol and may therefore be less protected by this for CAD this could account for some of the effects of small, dense LDL particles on CAD [34] .
mechanism [44] .
Density gradient ultracentrifugation ( DGUC ) d) Reduced affinity for the LDL receptor
In the kinetic turnover studies, two LDL pools were Several DGUC procedures have been developed to characterise LDL subfractions [29, 52] . The procedures demonstrated. Rapidly cleared pool A ( probably consisting of large LDL particles) and slowly cleared pool B differ both in the construction of the gradient and in the fractionation profile and no single method has yet assumed (small LDL particles) [18] . This observation is consistent with in vitro studies demonstrating that small, dense LDL general usage.
The main disadvantages of all DGUC procedures for particles have a lower affinity for LDL receptors than do larger LDL particles [45] . This results in reduced hepatic investigation of LDL subfractions are: a) expensive equipment (ultracentrifuges and appropriate rotors), b) clearance and a longer residence time in plasma of small versus large LDL particles, increasing the likelihood that time required for separation to be completed is very long (except when vertical rotors are used), c) lipoprotein small LDL particles will be filtered into the arterial wall followed by oxidation and uptake via scavenger receptors degradation during ultracentrifugation (lipids and proteins tend to separate during centrifugation), d) complicated [45] . This lower affinity of small, dense LDL particles for the LDL receptor is independent of their triglyceride gradient preparation, e) large volumes of plasma are required for an adequate analysis of lipoprotein districontent [46] . ApoB-100 in small, dense LDL particles has additional cleavage sites and different accessibility to butions, f ) fractionation requires special gradient fractionator or punching a hole at the bottom of the tube protease attack, suggesting that the conformation of apoB-100 in small, dense LDL particles differs from that and collecting subfractions; both techniques are time consuming and require great care as the gradient is easily in other LDL particles. This may reduce their affinity for LDL receptors [47] .
disturbed. However, DGUC allows good resolution between lipoprotein subfractions and analysis of the chemical composition of each subfraction.
e) Increased binding to intimal proteoglycans Electrophoresis Small, dense LDL particles have greater affinity for intimal proteoglycans than do other LDL particles [48]. This may
Electrophoresis method is relatively inexpensive, faster than centrifugation and can be used for analyses of small be related to their lower sialic acid content and to different exposures of the apoB region that influences amounts of material. Furthermore, it enables different subfractions of LDL and HDL to be separated directly interactions with proteoglycans. Binding to intimal proteoglycans leads to extracellular lipid accumulation and with better resolution than when using other techniques. Electrophoresis separates lipoproteins accordwhich is an important component of atherogenesis [49] .
ing to their charge and size. Lipoproteins have an isoelectric point at about pH 5.5 above which they are negatively charged.
f ) Formation of proaggregatory/vasoconstrictor mediators
Analysis of LDL subfractions is usually performed by using nondenaturing polyacrylamide gradient gel elec-LDL particle size is related to endothelial vasodilator dysfunction in patients with CAD, independent of other trophoresis. Lipoproteins migrate in an electric field through a gradient of increasing polyacrylamide concenlipoprotein variables [50] . Small, dense LDL particles stimulate thromboxane (TX) A 2 synthesis in vitro, more tration. The pore size of the matrix progressively decreases as the concentration of acrylamide increases. Migration than large LDL particles [51] . Since TXA 2 stimulates platelet aggregation and is a potent vasoconstrictor this of the particles stops when they reach their exclusion limit. Gradient slab gels of 2-16% polyacrylamide have could contribute to the progression of CAD. Production of 8-epi-PGF 2a as a result of non-enzymatic oxidation of commonly been used [53] . Electrophoresis for separation of LDL subfractions using these gels requires less than arachidonic acid in small, dense LDL particles could also promote vasoconstriction and platelet aggregation.
25 ml of plasma and may last for up to 24 h depending on voltage used. After electrophoresis gels need to be stained and destained. So the whole procedure lasts for more than 24 h and is time consuming and labour Methods for separation and identification of LDL intensive. Continuous polyacrylamide disc gels were subfractions introduced to simplify the method. These gels are a modification of the disc gels as described by Naito et al. Generally, heterogeneity of LDL is investigated using either density gradient ultracentrifugation or polyacryl-
[54] and Muniz [55] . In order to achieve desirable separation of LDL subfractions they were modified by amide gel electrophoresis [29] .
increasing the gel length and optimising the electrolyte The impact of aggressive lipid lowering on CAD progression and the relationship to small dense LDL was buffers and gel composition. These gels allow separation of up to 7 LDL subfractions within 70 min using evaluated in a retrospective analysis of data from the Familial Atherosclerosis Treatment Study, FATS [62] . prestained serum samples [56] .
The advantages of separation of LDL subfractions by Patients treated with nicotinic acid plus cholestyramine or lovastatin plus cholestyramine experienced a significant using electrophoretic methods compared with DGUC are as follows: a) less expensive and less complicated reduction in coronary stenosis severity compared to controls. There was a strong inverse relationship between equipment is required, b) generally, separations is achieved in shorter time, particularly if the prestained disc gels are the changes in LDL density and coronary stenosis. The reduction of small, dense LDL was a stronger predictor used (still over 24 h if staining and destaining procedures applied), c) lipoprotein degradation does not occur during of decreased disease progression than was reduction of LDL cholesterol. Combinations of nicotinic acid electrophoresis, d) technique is simpler to perform, e) small volume of sample is needed for the analysis (not plus cholestyramine and lovastatin plus cholestyramine decreased plasma triglycerides [63, 64] , which probably more than 25 ml).
contributed to the improvement in the small dense LDL phenotype. Cholestyramine alone tended to increase the Interventions to influence LDL particle size level of small, dense LDL [63, 64] . This is probably due to up-regulation of LDL receptors. These preferentially In view of the strong relationship between elevated plasma triglycerides and the small dense LDL phenotype, bind (and hence clear) larger more buoyant LDL particles. Nicotinic acid alone reduces the concentration of small triglyceride lowering therapies could be expected to have a greater impact on LDL size and density than predomidense LDL [63, 65] . Nicotinic acid is more effective at lowering plasma triglycerides than cholesterol and in nantly cholesterol lowering therapies. The HMG CoA reductase inhibitors (statins) lower LDL cholesterol hypertriglyceridaemic patients the change in LDL phenotype caused by nicotinic acid is both correlated with substantially and their value in reducing CAD mortality and morbidity has been demonstrated conclusively [2-4].
baseline triglyceride levels and the reduction in triglycerides after treatment [65] . It causes only a modest reduction These drugs have little effect on particle size when tested in patients with the small dense LDL phenotype.
of LDL particle diameter in individuals with normal plasma triglycerides but a more marked reduction in Simvastatin caused a decrease in both large and small LDL particles in combined hyperlipidaemic patients, with particle size in subjects with hypertriglyceridaemia [63, 65] . no overall improvement in the subclass phenotype [57] . Pravastatin reduced total and LDL cholesterol in combined Currently, the most widely used triglyceride lowering agents are fibrates. Several of these agents, including hyperlipidaemic patients but LDL particle size was either unchanged or became even smaller [58, 59] . In familial gemfibrozil, fenofibrate, bezafibrate and ciprofibrate, decrease small dense LDL in patients with combined hypercholesterolaemia, lovastatin and simvastatin decrease cholesterol more in the light LDL than in dense particles hyperlipidaemia [66] [67] [68] . Gemfibrozil increased LDL particle size and decreased particle density in patients [60] . These statins cause little or no decrease in plasma triglycerides in the combined and familial hyperlipidaemic with triglycerides in the approximate range of 3.5-9.0 mmol l −1 [68] . The effect was strongly correlated patients, which may explain why there is generally no reduction of small, dense LDL particles. Any apparent with the reduction of triglycerides. Gemfibrozil had no effect on LDL density profile in hypercholesterolaemic worsening of LDL phenotype by statins may be due to up-regulation of LDL receptors, preferentially increasing patients with normal triglyceride levels (1.3 mmol l −1 ), in whom LDL particles were larger and less dense [68] . clearance of larger LDL particles which have a higher affinity for LDL receptors. As a result, small LDL particles
In hypercholesterolaemic patients with somewhat higher triglycerides (2.0 mmol l −1 ), gemfibrozil shifted LDL to come to dominate the plasma LDL subfraction profile. Potentially adverse effects of statins on LDL density the larger and less dense phenotype in association with reduced triglycerides [66] . Thus, the effect of gemfibrozil profiles are clearly more than offset by the beneficial effects of reducing the total plasma LDL cholesterol pool, and the other fibrates on LDL size and density depends on the baseline triglyceride levels. . By reducing plasma triglycerides, fibrates limit the amount of substrate statins at licensed doses [61] . As a result it may have greater beneficial effects on LDL density profiles than available for CETP-mediated transfer to LDL and thereby decrease the formation of small dense LDL. In addition, other currently licensed statins. fenofibrate was found to decrease CETP mass and transfer ligands (fibrates) decrease plasma concentrations of small dense LDL. Their mechanisms overlap at the level of activity, which further limits the formation of small dense LDL [70] .
plasma triglycerides but there may be additional means by which they affect LDL density including effects on Despite having only a modest effect on LDLcholesterol, bezafibrate may reduce progression of coron-CETP. Recently, compounds were described that bind both PPAR and PPARa [83, 84] . These compounds ary atherosclerosis and coronary events in young men following myocardial infarction [71] . Likewise, a subgroup decrease plasma triglycerides and increase insulin sensitivity in animal models. It is conceivable that such analysis of patients in the Helsinki Heart study demonstrated a reduced number of ischaemic events in patients compounds may have greater effects on small dense LDL than thiazolidinediones or fibrates. randomised to gemfibrozil [72] . Their pharmacological effects suggest that combination therapy with a statin and Additional therapeutic approaches that decrease plasma concentrations of triglycerides or transfer triglycerides fibrate could be of particular benefit in dyslipidaemic patients with a preponderance of small dense LDL, a between lipoprotein classes may influence the formation of small dense LDL. Thus, inhibitors of CETP and hypothesis that needs to be tested by clinical trials.
As discussed above, small dense LDL profile is associated microsomal triglyceride transfer protein (MTP) which are currently under development may decrease small dense with insulin resistance. Interventions that improve insulin sensitivity include exercise [73] , thioziodolinediones [74] LDL. The value of these or other therapeutic approaches to modulate LDL size and density profiles still must be and possibly imidazoline receptor agonists [75] while reports on fibrates remain controversial. Insulin resistance, determined. Finally, studies in patients with differing degrees of insulin resistance and hypertriglyceridaemia hypertension, hypertriglyceridaemia and small dense LDL particles coexist and together form the metabolic synshould allow effects on particle size to be differentiated from effects on other factors. Such studies are needed to drome which is strongly associated with atherosclerosis ('syndrome X'). Interventions on these factors could determine whether LDL particle size plays a direct role in atherogenicity. If so, evaluating the effects of differincrease LDL particle size. The thiazoledinedione, troglitazone, causes a small increase in LDL cholesterol in obese ent drug classes on particle size will play an increasing part in clinical cardiovascular pharmacology, influencing individuals [76] due to an increase in large, less dense LDL. This may explain the observation that troglitazone choice of therapy not only in dyslipidaemic states but in hypertension and diabetes. increases the resistance of LDL particles to oxidation [77, 78] . It is possible that troglitazone is protective against atherosclerosis. The shift in the LDL particle density is References associated with a statistically insignificant decrease in plasma triglycerides, although larger effects on triglycerides predominantly in adipocytes [80] . The precise mechanism 5 Kannel WB. Range of serum cholesterol values in the by which they improve insulin sensitivity is not fully population developing coronary artery disease. Am J Cardiol known, but is at least partially attributable to increased 1995; 76: 69C-77C.
